Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that integrates external cues and is a central regulator of cell growth, proliferation, protein synthesis, autophagy and survival.^[@bib1],\ [@bib2],\ [@bib3]^ mTOR forms two macromolecular complexes, mTOR complex1 (mTORC1) and 2, which have distinct functions and downstream targets.^[@bib4]^ Whereas mTORC1 is a central regulator of cap-dependent translation,^[@bib5]^ mTORC2 is a pivotal regulator of the actin cytoskeleton, spine structure and memory.^[@bib6]^ In neurons, mTORC1 is strategically positioned at pre- and postsynaptic sites where it influences synaptic plasticity by regulating the balance between protein synthesis and degradation via the autophagy/lysosomal^[@bib7],\ [@bib8],\ [@bib9]^ and ubiquitin/proteasomal pathways.^[@bib10]^ Under nutrient-rich conditions, mTORC1 serves as a brake on autophagy,^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ a process of programmed catabolic activity and cell survival, which is increased during periods of cellular stress.^[@bib14]^ In response to stress, mTOR translocates to the surface of lysosomes, where Rheb, a small GTPase, strategically positions mTOR in close proximity to Akt and p70S6 kinase, which phosphorylate mTOR at S2448.^[@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^

Activation of mTOR is essential for the brake imposed on autophagy by inhibition of downstream targets critical to initiation of autophagy.^[@bib12]^ Upon activation, mTOR phosphorylates and inactivates *U*nc-51-*l*ike autophagy-activating *k*inase 1 (ULK-1) at S757, preventing assembly of ULK-1 with scaffolding protein Atg13 and adhesion protein FIP200.^[@bib11]^ This, in turn, prevents phosphorylation and activation of Beclin-1 at S14 and halts autophagy.^[@bib13]^ Beclin-1 is a signaling protein downstream of mTORC1 and critical to the 'nucleation phase\' of autophagy.^[@bib12],\ [@bib19]^ Beclin-1 promotes lipidation of LC3-I to generate its lipidated form LC3-II and formation of autophagosomes. Upon lipidation, LC3-II localizes to the autophagosome membrane, where it promotes formation of autophagosomes. Autophagosomes deliver proteins and organelles to lysosomes for degradation.

In response to cellular stress, phosphorylation of mTOR at S2448 is reduced and the brake imposed on autophagy is released. Phosphorylation of ULK-1 at S757 is decreased, enabling ULK-1 to be released by mTOR and to assemble with AMPK, which phosphorylates and activates ULK-1 at S317. This, in turn, activates Beclin-1 and promotes lipidation of LC3-I to generate LC3-II. LC3-II localizes to the autophagosome membrane, enabling elongation of the limiting membrane, which seals to form LC3-II-(+) autophagosomes. Autophagosomes degrade cargo adaptors such as p62 via autophagy. Growing evidence indicates that dysregulation of mTOR is associated with human diseases, including cancer, diabetes, and autism.^[@bib1],\ [@bib2],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ However, a role for mTOR in ischemia-induced neuronal death is, as yet, unclear.

Transient global ischemia elicits selective, delayed death of primarily CA1 pyramidal neurons and impaired cognition, evident at 5--7 days after insult.^[@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ At the cellular level, ischemia promotes translational arrest and accumulation of polyubiquitinated proteins,^[@bib28]^ indicating a shift in the balance away from protein synthesis and toward protein degradation. In the first 1--3 h following induction of ischemia, the functional integrity of the mitochondrial membrane is compromised, leading to the release of cytochrome c and caspase activation.^[@bib29]^ This is significant in that caspases cleave and inactivate Beclin-1, thereby destroying its proautophagic activity.

The present study was undertaken to examine a role for mTOR signaling and autophagy in ischemia-induced neuronal death. Here we show that mTOR is decreased in CA1 (but not CA3) as early as 3 h after ischemia. The decrease in mTOR precedes or coincides with an increase in markers of autophagy, pS317-ULK-1, pS14-Beclin-1, and LC3-II/I ratio (indicator of autophagic flux), and a decrease in the ubiquitin-binding cargo adaptor p62, indicating induction of autophagy in neurons destined to die. RNAi-mediated depletion of mTOR or inhibition of mTORC1 by rapamycin before ischemia activates autophagy, which promotes degradation of mTOR and attenuates ischemia-induced neuronal death. These findings demonstrate a causal relation between loss of mTOR, activation of autophagy, and neuronal death, and reveal a novel mechanism whereby mTOR self-regulates its own degradation via the autophagy/lysosomal pathway in a clinically relevant model of ischemia.

Results
=======

Global ischemia suppresses mTOR abundance and activity in the CA1
-----------------------------------------------------------------

We first examined the impact of global ischemia on mTOR abundance and phosphorylation in the selectively vulnerable CA1. Toward this end, we subjected adult male rats to global ischemia or sham operation and assessed mTOR abundance and phosphorylation at S2448, a target of Akt and p70S6 kinase, at times after ischemia. We focused on S2448 because phosphorylation at this site is implicated in mTORC1 activity and suppression of autophagy.^[@bib12],\ [@bib30]^ Ischemia elicited a transient increase in phosphorylation of mTOR at S2448 and a decrease in mTOR abundance in CA1, each evident by 3 h ([Figure 1a](#fig1){ref-type="fig"}). In the resistant CA3, p-mTOR and mTOR were unchanged ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}).

These findings indicate that the ischemia-induced increase in p-mTOR and reduction in total mTOR are subfield-specific, but do not distinguish between neuronal and non-neuronal cells. To address this, we performed immunohistochemistry on brain sections. mTOR was markedly decreased in CA1 pyramidal neurons marked by NeuN, but not in adjacent CA3 pyramidal or dentate gyrus granule cells, at 24 h after ischemia ([Figure 1b](#fig1){ref-type="fig"}). Ischemia did not detectably alter mTOR mRNA at any time examined ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}), consistent with regulation mTOR at the post-transcriptional level.

We next addressed the impact of ischemia on two functional readouts of mTORC1 activity, phosphorylation of 4E binding protein (4E-BP), a direct downstream target of mTORC1 and negative regulator of cap-dependent translation,^[@bib31]^ and ULK-1 (aka Atg1), a protein involved in the initiation of autophagy,^[@bib12]^ at S757. Whereas phosphorylation of 4E-BP promotes initiation of translation, phosphorylation of ULK-1 at S757 sequesters ULK-1 by stabilizing its association with mTOR,^[@bib32]^ and thereby halts autophagy. Ischemia induced a decrease in p-4E-BP at T37/46 ([Figure 1c](#fig1){ref-type="fig"}) and p-ULK-1 at S757 ([Figure 1d](#fig1){ref-type="fig"}).

The results thus far show that the ischemia-induced reduction in mTOR coincides with a reduction in phosphorylation of mTOR downstream targets 4E-BP and ULK-1, but do not address a causal relation between them. Toward this end, we applied rapamycin, which reduces mTOR activity, but not abundance. Rapamycin reduced p-mTOR (not illustrated) and mTOR targets ULK-1, 4E-BP, and S6 under physiological conditions and further reduced p-ULK-1 under ischemic conditions. Thus, inhibition of mTOR, even in the absence of a neuronal insult, is sufficient to induce autophagy ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). Next, we applied small interfering RNA (siRNA) to mTOR, which reduces mTOR abundance without affecting phosphorylation. siRNA-mediated knockdown of mTOR reduced mTOR abundance and diminished pS757-ULK-1 and p-T37/46-4E-BP as well as p-S 240/244-S6 ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}). Thus, a decrease in mTOR, even in the absence of a neuronal insult, is sufficient to promote dephosphorylation of ULK-1 at S757, a key step in initiation of autophagy. The lack of effect of ischemia on pS6 is consistent with findings that pS6 is under the control not only of mTOR but also ERK/p90RSK.^[@bib33]^

Adenosine monophosphate (AMP)-activated protein kinase (AMPK), a kinase activated by stressors,^[@bib34]^ is also a trigger of autophagy. Dephosphorylation of ULK-1 at S757 releases ULK-1 from mTOR, enabling it to associate with AMPK. AMPK phosphorylates and activates ULK-1 at S317, and thereby promotes the initiation of autophagy.^[@bib32],\ [@bib35]^ Ischemia induced an increase in p-AMPK- and AMPK-dependent phosphorylation of ULK-1 at S317, evident at 3 h and as late as 24 h, the latest time examined ([Figures 1e and f](#fig1){ref-type="fig"}). These findings are consistent with a model whereby ischemia downregulates mTOR in CA1 neurons, and thereby removes the brake on ULK-1, enabling AMPK to phosphorylate ULK-1 and initiate autophagy. The decrease in mTOR abundance coincides with the increase in AMPK activity, suggesting that mTOR and AMPK act in concert to promote the onset of autophagy.

Global ischemia upregulates biochemical markers of autophagy in CA1
-------------------------------------------------------------------

We next addressed the impact of ischemia on induction of autophagy. Ischemia induced phosphorylation and activation of Beclin-1 at S14, a protein critical to the nucleation phase of autophagy, in CA1, evident at 6 h after ischemia, with little or no change in Beclin-1 abundance ([Figure 2a](#fig2){ref-type="fig"}). We next examined the impact of ischemia on steady-state levels of autophagic markers. Ischemia markedly increased LC3-II and LC3-II/LC3-I, an indicator of the number of autophagosomes ([Figure 2b](#fig2){ref-type="fig"}). To assess the impact of ischemia on the release of cargo from autophagosomes to lysosomes, we measured the abundance of p62. Ischemia significantly decreased p62, which facilitates the transfer of cargo from the cytosol to autophagosomes ([Figure 2c](#fig2){ref-type="fig"}), first evident at 3 h after ischemia and as late as 24 h. These findings indicate an enhanced autophagic flux, a functional readout of autophagy. Thus, the ischemia-induced decrease in mTOR precedes or coincides with increased p-Beclin-1 and LC3-II/I and decreased p62.

We next examined whether ischemia promotes redistribution of mTOR within CA1 neurons. Ischemia did not detectably alter mTOR abundance in the membrane-enriched fraction ([Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}), but increased mTOR in intracellular vesicles marked by lysosomal-associated membrane protein 2, assessed by western blot ([Figure 2d](#fig2){ref-type="fig"}) and immunocytochemistry ([Supplementary Figures 3b and c](#sup1){ref-type="supplementary-material"}). Thus, ischemia promotes translocation of mTOR to the outer surface of the lysosome, where it is positioned in close proximity to upstream kinases.

OGD mimics global ischemia
--------------------------

The results thus far indicate that ischemia decreases mTOR abundance and increases markers of autophagy, but do not identify the molecular mechanisms underlying these changes. To address this, we took advantage of oxygen-glucose deprivation (OGD), a well-established *in vitro* model of global ischemia in hippocampal neurons.^[@bib36],\ [@bib37],\ [@bib38]^ Cellular models afford more precise control over the physicochemical milieu than is possible in the intact animal. OGD decreased mTOR ([Figure 3a](#fig3){ref-type="fig"}) and increased markers of autophagy, resembling the molecular changes induced by ischemia *in vivo*. OGD markedly decreased pS757-ULK-1 ([Figure 3b](#fig3){ref-type="fig"}), increased p-Beclin-1 and LC3-II, and decreased p62 ([Figures 3c--e](#fig3){ref-type="fig"}). Moreover, OGD decreased the LC3-II/I ratio, a readout of autophagic flux ([Figure 3f and g](#fig3){ref-type="fig"}). Thus, OGD mimics the impact of global ischemia on mTOR and autophagy in CA1 *in vivo*. The decrease in mTOR abundance was specific to OGD, in that other paradigms known to induce neuronal death, such as staurosporine-induced apoptosis or hydrogen peroxide-induced oxidative stress, did not detectably alter mTOR ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}).

Inhibition of the lysosome rescues the ischemia-induced decrease in mTOR
------------------------------------------------------------------------

To determine the mechanism by which ischemia decreases mTOR, we induced OGD in hippocampal neurons in the presence or absence of inhibitors of lysosomal and proteasomal degradation and assessed mTOR abundance 24 h after insult. OGD induced a marked decrease in mTOR abundance, evident at 24 h. Whereas inhibition of lysosomal degradation by treatment with leupeptin/ammonium chloride did not detectably alter mTOR abundance under normoxic conditions, it rescued the ischemia-induced decrease in mTOR ([Figure 4a](#fig4){ref-type="fig"}). Inhibition of proteasomal degradation by lactacystin^[@bib39]^ modestly decreased basal mTOR, but did not prevent the OGD-induced decrease in mTOR ([Figure 4b](#fig4){ref-type="fig"}). Thus, mTOR is preferentially degraded by the autophagy/lysosomal pathway in insulted hippocampal neurons. Moreover, treatment of neurons with rapamycin, an inhibitor of mTORC1 and known activator of the lysosomal pathway, had little or no effect on mTOR under normoxic or ischemic conditions ([Figure 4c](#fig4){ref-type="fig"}). These findings indicate that the ischemia-induced decrease in mTOR does not require mTOR activity.

To verify a role for lysosomal degradation in the ischemia-induced decrease in mTOR *in vivo*, we administered the lysosomal inhibitor leupeptin into rats intracerebroventricularly 1 h before induction of ischemia. Whereas leupeptin did not detectably alter mTOR or p62 under normoxic conditions, it rescued the ischemia-induced decrease in mTOR and p62 ([Figure 4d](#fig4){ref-type="fig"}). These findings confirm that mTOR is preferentially degraded by the lysosomal pathway in postischemic CA1.

We next addressed a role for autophagy in mTOR degradation. To address this issue, we first examined the impact of C43 on ischemia-induced mTOR degradation. Application of C43, a well-established inhibitor of autophagy, to hippocampal neurons during and after ischemia diminished mTOR degradation ([Figure 4e](#fig4){ref-type="fig"}). Moreover, shRNA to Atg7, an E1-like enzyme essential for autophagosome formation,^[@bib40]^ markedly reduced Atg7 ([Figure 4f](#fig4){ref-type="fig"}) and prevented ischemia-induced degradation of mTOR ([Figure 4g](#fig4){ref-type="fig"}). Collectively, these findings strongly suggest that autophagy is critical to ischemia-induced degradation of mTOR. Although ischemia also reduced Raptor, a binding partner of mTOR and defining component of mTORC1, degradation of Raptor was not blocked by C43 ([Figure 4h](#fig4){ref-type="fig"}), indicating that it is not mediated by autophagy. Thus, autophagy does not mediate degradation of all components of mTORC1.

mTOR is causally related to autophagy in neurons
------------------------------------------------

The results thus far indicate that the ischemia-induced decrease in mTOR and p-mTOR coincide with an upregulation of autophagy, but do not address a causal relation between loss of mTOR and autophagy. To address this issue, we first exposed hippocampal neurons to rapamycin or vehicle 1 day before ischemia and assessed markers of autophagy by western blot. Application of rapamycin (24 h) reduced phosphorylation of ULK-1 at S757, increased p-Beclin-1, increased LC3-II, and decreased p62 ([Figures 5a--e](#fig5){ref-type="fig"}). These findings indicate that a reduction of mTOR activity, even in the absence of a neuronal insult, is sufficient to induce autophagy.

Next, we treated neurons with siRNA to mTOR or non-targeting (NT) siRNA for 4 days before ischemia and assessed markers of autophagy by western blot. siRNA to mTOR, but not NT siRNA, decreased mTOR by \~75% and activated autophagy, as assessed by an increase in p-Beclin-1, an increase in LC3-II abundance, and a decrease in p62 ([Figures 5f--j](#fig5){ref-type="fig"}). These findings indicate that pharmacological inhibition or siRNA-mediated acute knockdown of mTOR, even in the absence of neurological insult, can activate markers of autophagy.

Acute inhibition or RNAi-mediated depletion of mTOR attenuates neuronal death
-----------------------------------------------------------------------------

The results thus far indicate that the ischemia-induced decrease in mTOR and p-mTOR are causally related to activation of autophagy, but do not address a causal relation between ischemia-induced loss of mTOR and neuronal death. Toward this end, we undertook two experimental strategies. First, we exposed hippocampal neurons to rapamycin and assessed neuronal death at 24 h after insult. OGD elicited neuronal death, as assessed by propidium iodide uptake (marker of degenerating neurons), and LDH release. Rapamycin did not detectably alter the number of propidium iodide (+) cells or the quantity of LDH released under normoxic conditions, but attenuated OGD-induced neuronal death ([Figures 6a--c](#fig6){ref-type="fig"}). While modest, the attenuation of neuronal death was significant in that protection of even a modest fraction of CA1 neurons is sufficient to preserve the functional integrity of CA1 neurons, assessed by electrophysiology^[@bib41]^ or behavior.^[@bib42]^

Next, we examined the impact of si-mTOR on ischemia-induced neuronal death. Toward this end, we transfected hippocampal neurons with si-mTOR or NT siRNA before induction of OGD. si-mTOR, but not NT siRNA, attenuated OGD-induced neuronal death, assessed by the number of propidium iodide (+) cells ([Figure 6d](#fig6){ref-type="fig"}). Thus, inhibition or knockdown of mTOR before ischemia afforded partial rescue of neuronal death, consistent with an inverse causal relation between mTOR and autophagy or neuroprotection.

Inhibition of autophagy promotes ischemia-induced neuronal death
----------------------------------------------------------------

We next examined the impact of 3-methyladenine (3-MA) and C43, two well-established inhibitors of autophagy, on ischemia-induced neuronal death. 3-MA is an inhibitor of class III phosphatidylinositol 3-kinase and attenuates autophagy by blocking autophagosome formation.^[@bib43],\ [@bib44]^ Application of 3-MA or C43 to hippocampal neurons had little or no effect under normoxic conditions, but markedly decreased ischemia-induced neuronal death ([Figures 7a--c](#fig7){ref-type="fig"}). Consistent with this, siRNA to Atg7 (but not NT siRNA) markedly increased neuronal death ([Figures 7d and e](#fig7){ref-type="fig"}). Collectively, these findings strongly suggest that the protective effect afforded by mTOR inhibition requires autophagy.

Discussion
==========

mTOR is a key regulator of cell growth, autophagy, translation, and survival. In neurons, components of the mTORC1 signaling cascade are strategically localized at pre- and postsynaptic sites where they influence synaptic plasticity by regulating the balance between protein synthesis and degradation. However, a role for mTORC1 signaling in neuronal death is not well delineated. In the present study, we show that global ischemia induces a transient increase in mTOR phosphorylation at S2448, but suppresses mTOR abundance and functional activity in selectively vulnerable CA1 neurons. The decrease in mTOR precedes or coincides with an increase in markers of autophagy, pS317-ULK-1, pS14-Beclin-1, and LC3-II, a decrease in the cargo adaptor p62, and an increase in autophagic flux. Concomitantly, ischemia phosphorylates and activates AMPK, which phosphorylates ULK-1 at S317, and acts in concert with loss of mTOR to promote induction of autophagy. This is significant in that autophagy, a programmed catabolic process downstream of mTORC1, promotes neuronal survival by targeting long-lived and misfolded proteins and damaged organelles to the lysosome for degradation.^[@bib45]^ Inhibitors of the lysosomal (but not proteasomal) pathway rescue the ischemia-induced decrease in mTOR. Moreover, inhibition of autophagy or siRNA-mediated depletion of Atg7, a key component of autophagy, diminishes mTOR degradation, consistent with regulation of mTOR abundance via the autophagy/lysosomal pathway. Thus, mTOR is not only a negative regulator but also a target of autophagy-lysosome in insulted hippocampal neurons. Collectively, these findings identify a novel and previously unappreciated mechanism whereby mTOR regulates its own demise in a self-perpetuating manner in a clinically relevant model of global ischemia.

We further show that inhibition of mTOR by rapamycin or siRNA-mediated depletion of mTOR dephosphorylates and inactivates its downstream target p-757-ULK-1, releasing ULK-1 from mTOR and enabling it to associate with AMPK, which phosphorylates ULK-1 at S757 and initiates autophagy. This finding strengthens the conclusion that a decrease in mTOR abundance is sufficient to promote the initiation of autophagy. Our finding that increased mTOR phosphorylation at early times after ischemia correlates with a decrease of mTOR downstream targets is surprising. A possible scenario is that mTOR in neurons subjected to ischemia is divided into two pools, phosphorylated and non-phosphorylated mTOR. Phosphorylated mTOR is rapidly degraded. The remaining mTOR is not phosphorylated and cannot maintain phosphorylation of ULK-1 at S757. ULK-1 is released and associates with AMPK, which phosphorylates ULK-1 at S317 and initiates autophagy.^[@bib32],\ [@bib35]^ Alternatively, an endogenous inhibitor, such as DEPTOR,^[@bib46]^ is induced in response to ischemia and binds p-mTOR, squelching its activity.

We propose a model whereby loss of mTOR promotes autophagy and attenuates neuronal death in a clinically relevant model of global ischemia ([Figure 8](#fig8){ref-type="fig"}). Under physiological conditions, mTOR serves as a brake on autophagy.^[@bib11],\ [@bib12],\ [@bib13]^ Induction of ischemia triggers a transient increase in mTOR phosphorylation, while decreasing mTOR abundance and functional activity in hippocampal neurons destined to die. At the same time, ischemia activates AMPK, which acts in concert with loss of mTOR to promote induction of autophagy. The decrease in mTOR removes the brake normally imposed on autophagy; upon release, autophagy degrades mTOR via the autophagy/lysosomal pathway, resulting in a self-perpetuating loss of mTOR. Thus, a decrease in mTOR abundance, as well as activity, can activate downstream targets that converge on autophagy. Moreover, inhibition of autophagy by C43- or siRNA-mediated depletion of Atg7 promotes autophagy and reduces neuronal death. Thus, autophagy promotes neuroprotection, representing a 'failed attempt\' of the cell to survive in the face of ischemia.

Our findings do not, however, preclude the possibility that other upstream and/or downstream regulators of mTORC1 could also impact on autophagy. Of note, recent findings of Buchan and co-workers^[@bib47],\ [@bib48]^ reveal that ischemia induces expression of hamartin, an upstream inhibitor of mTOR, in CA3 neurons and that hamartin is causally related to the resistance of CA3 neurons to ischemia-induced cell death. In contrast, we find that ischemia suppresses mTOR and activates autophagy in CA1 neurons destined to die. Our results represent an advance over previous studies in that we delineate mechanisms underlying ischemia-induced activation of autophagy and reveal a novel mechanism by which mTOR self-regulates its own degradation in insulted hippocampal neurons. Although not addressed by the present study, it is likely that Akt, which is activated by ischemia,^[@bib49]^ activates p-mTOR at S2448. Alternatively, given that pS6 is also activated by ischemia (not illustrated), S6 kinase might activate mTOR.

In response to cellular stress, mTOR translocates to the lysosomal surface in close proximity to upstream effectors that phosphorylate mTOR at S2448.^[@bib15],\ [@bib16],\ [@bib50]^ In cancer cells and fibroblasts, translocation of mTOR to the lysosome is dependent on assembly with the vacuolar (H+) ATPase, which is situated on the lysosomal membrane,^[@bib51]^ and members of the Rag family of proteins that bind to the mTOR complex and shuttle it to the lysosomal surface.^[@bib15],\ [@bib52]^ A novel finding in the present study is that ischemic insults not only target mTOR to lysosomes but also induce its degradation. These results identify mTOR degradation as a novel mechanism to inactivate mTOR at the lysosomal membrane under conditions of cellular stress, a mechanism relevant to achieving maximal activation of autophagy in neurons. However, the mechanism by which mTOR translocates to the lysosome in insulted neurons is, as yet, unknown.

mTOR activity is tightly regulated by phosphorylation at S2448,^[@bib10],\ [@bib53]^ and by assembly with kinase-associated proteins in neuronal and non-neuronal cells.^[@bib1],\ [@bib30],\ [@bib54]^ The present study represents an advance over previous studies in that we show that ischemia transiently increases the phosphorylation status of mTOR at S2448, while decreasing its abundance and functional activity, as assessed by the phosphorylation status and activation state of two prominent downstream targets, 4E-BP and ULK-1. Thus, the phosphorylation status of mTOR does not necessarily predict its kinase activity. Consistent with this notion, in cancer cells, mutation of mTOR at S2448 to alanine does not alter the ability of mTOR to regulate downstream targets.^[@bib55]^ These findings highlight the complexity of signaling pathways upstream and downstream of mTOR.

In summary, we show that global ischemia promotes mTOR degradation and activation of autophagy in neurons before neuronal death. We further show an inverse causal relation between mTOR and autophagy and/or neuronal death. In addition, we show that the ischemia-induced decrease in mTOR occurs via lysosomal degradation. To our knowledge, our findings are the first to demonstrate that mTOR is not only a negative regulator but also a target of the autophagy-lysosome system in insulted hippocampal neurons. Collectively, our findings support a role for mTORC1-dependent autophagy as a novel therapeutic target for intervention in ischemic injury and potentially other brain disorders.

Materials and Methods
=====================

Animals
-------

Age-matched adult male Sprague--Dawley rats (Charles River Laboratories, Wilmington, MA, USA) weighing 150--200 g were maintained in a temperature- and light-controlled environment with a 12:12 h light--dark cycle and were treated in accordance with the principles and procedures of the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Protocols were approved by the Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine (New York, NY, USA).

Global ischemia
---------------

Animals were subjected to transient global ischemia by the four-vessel occlusion paradigm described previously.^[@bib38],\ [@bib49],\ [@bib56],\ [@bib57]^ For sham surgery, animals were subjected to the same anesthesia and surgical conditions, except that the vertebral and carotid arteries were not occluded. Body temperature was maintained at 37.5±0.5 °C by external warming until recovery from anesthesia. Animals that failed to show complete loss of the righting reflex and dilation of the pupils 2 min after occlusion, as well as animals that exhibited abnormal vocalization, generalized convulsions, or hypoactivity were excluded from the study.

Western blotting
----------------

Western blot analysis was performed as described previously.^[@bib49],\ [@bib56],\ [@bib57]^ In brief, cells were washed with cold 1 × PBS and lysed in buffer containing the following (in mM): 50 Tris-HCl, pH 7.5, 150 NaCl, 1% Igepal CA-630, 1% sodium deoxycholate, 0.1% SDS supplemented with 1 × protease inhibitor mixture (Sigma, St. Louis, MO, USA). Cell lysates were centrifuged (10 min, 14 000 r.p.m.) to separate soluble and insoluble fraction. Insoluble fractions were were lysed and sonicated in the same lysis buffer with 2% SDS.

For tissue samples, hippocampi were rapidly dissected and transverse slices of dorsal hippocampus (1 mm) were cut with a McIlwain tissue chopper. The CA1 and CA3 subfields were rapidly microdissected and homogenized in buffer containing the following (in mM): 20 HEPES, pH 7.4, 10 KCl, 10 MgCl~2~, PMSF (17 *μ*g/ml), supplemented with 1 × protease inhibitor mixture. Homogenate was centrifuged at a low speed (3000 × *g*, 10 min, 4 °C) and the resulting pellet was rehomogenized and centrifuged at a high speed (10 000 × *g*, 15 min, 4 °C). The resulting supernatant was removed and lysed in 1:1 volume of lysis buffer containing the following (in mM): 50 Tris-HCl, pH 7.5, 250 NaCl, 5 EDTA, 0.25% sodium deoxycholate, 0.1% SDS, 0.1% Triton supplemented with 1 × protease inhibitor mixture. The resulting pellet, termed the insoluble fraction, was lysed and sonicated in the same lysis buffer with 2% SDS. Protein concentrations were measured with the bicinchoninic acid assay (Pierce, Thermo Fisher Scientific, Waltham, MA, USA). Equal aliquots of protein (20--40 *μ*g) were subjected to SDS-PAGE (4--20%), transferred to a nitrocellulose or PVDF membrane, and processed for incubation with primary and secondary HRP-conjugated antibodies. After incubations, membranes were washed and reacted with enhanced chemiluminescence reagent (GE Healthcare Life Sciences, Pittsburgh, PA, USA).

qRT-PCR
-------

For tissue samples, the CA1 was rapidly microdissected from transverse slices of dorsal hippocampus cut by a McIlwain tissue chopper (1 mm). RNA was extracted using mirVana (Ambion, Thermo Fisher Scientific, Waltham, MA, USA), and concentration was measured with a Nanodrop (Thermo Fisher Scientific). Aliquots of RNA (10 ng) were reverse transcribed to cDNA with the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). qRT-PCR (qPCR) was performed using TaqMan probes (Applied Biosystems) for mTOR (reference number: Rn00693900_m1); hypoxanthine phospho-ribosyl transferase (Reference Rn01318745_g1), which is invariant in its expression following global ischemia,^[@bib58]^ served as an endogenous reference. Reactions were run in triplicate in a StepOnePlus Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific). The relative change in the mRNA expression was determined by the equation: fold change=2−ΔCt (ΔCt=Ct target−Ct reference). The Ct value corresponds to the cycle number at which the fluorescence signal crosses a threshold. Relative expression ratios were calculated by normalization of values for experimental samples to those of the corresponding sham controls.

Immunohistochemistry
--------------------

Immunohistochemistry was performed on sections of rat brain 24 h after ischemia as described.^[@bib36],\ [@bib38],\ [@bib49]^ Briefly, rats were killed under deep anesthesia by transcardial perfusion with 4% paraformaldehyde in PBS. Brains were immersion fixed in 4% paraformaldehyde in PBS overnight, washed with 30% sucrose in phosphate buffer solution, and frozen with 2-methylbutane. Frozen brains were cryostat sectioned at 20 *μ*m. Sections were blocked and incubated for 48 h at 4 °C with antibody to mTOR and for 1 h with antibody to NeuN, followed by incubation with goat secondary antibodies Alexa 488 and Alexa 543 (1:500; Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at room temperature. The specificity of immunolabeling was confirmed by incubation of sections with preimmune rabbit IgG in place of primary antibody; under these conditions, no detectable labeling was observed. Sections were viewed and images were acquired through a Zeiss DUO V2 laser scanning confocal fluorescence microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA). Images were processed with ImageJ software (Public Domain, imagej.nih.gov/ij/).

Drug injections *in vivo*
-------------------------

Leupeptin (10 mM) was dissolved in DMSO or DMSO was administered to animals immediately after ischemia or sham surgery by intracerebroventricular injection. For intracerebroventricular injection, a 28-gauge needle attached to a Hamilton syringe was stereotaxically lowered into the right lateral ventricle to a position defined by the following coordinates relative to bregma: 0.92 mm posterior, 1.2 mm lateral, and 3.6 mm below the skull surface. A flow rate of 1 *μ*l/min (total 5 *μ*l) was used.

Primary cultures of hippocampal neurons and OGD
-----------------------------------------------

Primary cultures of hippocampal neurons were prepared from embryonic day 18 (E18) rats as described previously.^[@bib38],\ [@bib56]^ Cultures were maintained 14 days *in vitro* before experiments. To induce OGD, cultures were exposed to serum-free, glucose-free artificial cerebrospinal fluid (aCSF) saturated with 95%N~2~/5%CO~2~ (30 min at 37 °C) in an airtight, anoxic chamber (Billups-Rothenberg, San Diego, CA, USA). Cultures were returned to oxygenated, glucose-containing medium under normoxic conditions in the presence or absence of indicated drugs for 3 h. After incubation, cells were returned to normal medium and harvested at indicated times for western blot analysis or treated with propidium iodide (1:20 000) at 24 h after OGD to assess neuronal death. For oxygen deprivation alone (hypoxia), hippocampal neurons were exposed to normal medium with serum saturated with 95%N~2~/5%CO~2~ (30 min at 37 °C) in an airtight chamber. For glucose deprivation alone, hippocampal neurons were exposed to serum-free, glucose-free aCSF in normal, oxygen-containing incubation conditions (30 min at 37 °C).

Cell culture, drug treatment, and transfection
----------------------------------------------

N2A cells were plated on culture dishes or plates incubated in DMEM with 10% fetal bovine serum with an atmosphere of 10% CO~2~ at 37 °C. Cells were grown to 80--90% confluency for drug treatments and 40--50% for transfection. Cells were transfected with myc-mTOR plasmid using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Drugs treated at indicated concentrations included: clasto-lactacystin *β*-lactone (Lactacystin) (Millipore, Billerica, MA, USA), ammonium chloride (Sigma), leupeptin (Millipore), rapamycin (Sigma), cycloheximide (Millipore), staurosporine (Millipore), and hydrogen peroxide (Sigma).

siRNA oligonucleotides
----------------------

siRNA oligonucleotides targeting endogenous rat mTOR, Atg7, and non-targeting constructs, which target no known vertebrate gene, were obtained through Dharmacon Accell RNAi Libraries (GE Healthcare, Dharmacon, Lafayette, CO, USA). siRNA constructs were diluted in buffer (GE Healthcare) and transfected in culture medium at a working concentration of 1 *μ*M. The efficacy of mTOR or Atg7 siRNA was evaluated by western blot 4 days after transfection.

Lactate dehydrogenase assay
---------------------------

To quantify the amount of LDH released into the medium, we incubated 50 *μ*l of cell culture medium from each sample well in triplicate with 100 *μ*l of LDH Reaction Mix from the LDH Cytotoxicity Assay Kit II (Abcam, Cambridge, UK) for 30 min at room temperature. Fifty microliters of normal culture medium was used as a background control. LDH readings were taken on a 96-well plate reader with an absorbance wavelength of 450 nm. LDH cytotoxicity values were calculated by subtracting the background control from the reading from each sample well.

Antibodies
----------

Antibodies used in this study include: anti-mTOR, 1:1000; anti-p-mTOR (S2448), 1:2000; anti-p-4E-BP, 1:1000; anti-4E-BP, 1:500; anti-p-ULK (S757), 1:1000; anti-p-ULK (S317), 1:1000; anti-ULK, 1:1000; anti-Beclin-1, 1:500; anti-p62, 1:1000; anti-p-p70S6K (T389), 1:500; anti-p70S6K, 1:1000; anti-AMPK, 1:1000; anti-ubiquitin, 1:1000 (Cell Signaling Technology, Danvers, MA, USA); anti-mTOR, 1:100 (Abcam); anti-NeuN, 1:1000 (Millipore); anti-p-Beclin-1 (S14), 1:500 (Abbiotec, San Diego, CA, USA); anti-LC3-I/II, 1:2000, anti-β-actin, 1:5000 (Sigma); anti-GAPDH, 1:5000, (Fitzgerald, Acton, MA, USA).

Data analysis
-------------

One-way analysis of variance was used for all statistical analysis with multiple comparisons. For all *P*-values, the Student\'s *t*-test was used for *post hoc* analysis. Results are reported as mean±S.E.M. Significance was taken as *P*\<0.05.
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![Global ischemia transiently increases mTOR phosphorylation and decreases mTOR abundance and activity in CA1. (**a**) Top: Representative western blot showing that ischemia transiently increases phosphorylation of mTOR at S2448, as early as 3 h, whereas decreasing mTOR abundance, as early as 3 h and as late as 24 h, in the CA1. Accordingly, abundance of pS2448-mTOR goes down in insulted neurons by 24 h. Bottom: Summary data. (**b**) Immunolabeling of hippocampal cross-sections from animals subjected to global ischemia or sham operation demonstrate that mTOR abundance is decreased in CA1 (arrowheads) but not CA3 or DG, assessed at 24 h following ischemia. Importantly, mTOR abundance decreases in CA1 pyramidal neurons marked by NeuN. Left: × 2 image, scale bar=500 *μ*m. Middle: × 20 image, right: x63 image, scale bar=5 *μ*m. (**c** and **d**) Top: Representative western blot showing that ischemia decreases p-T37/46-4E-BP (**c**) and pS757-ULK-1 (**d**), functional readouts of mTOR kinase activity in CA1, as early as 3 h and as late as 24 h after ischemia. Bottom: Summary data; *n*=4--8 animals per treatment group/3 independent experiments. (**e**) Top: Representative western blot showing that ischemia increases p-T172-AMPK in CA1, evident at 3 h and 6 h after ischemia. Bottom: Summary data. (**f**) Top: Representative western blot showing that ischemia increases pS317-ULK-1, a functional readout of AMPK activity in CA1, as early as 3 h and as late as 24 h after ischemia. Here and in all figures, data represent mean±S.E.Ms. \*\*\**P*\<0.001, \*\**P*\<0.01, and \**P*\<0.05. (**g**) Model depicting a hypothetical mechanism by which ischemia downregulates mTOR abundance (and activity) in CA1 neurons, which, in turn, removes the brake on autophagy imposed by mTORC1 under physiological conditions, enabling phosphorylation of ULK-1 at S317 by AMPK to initiate autophagy](cdd2016140f1){#fig1}

![Global ischemia promotes an increase in markers of autophagy in CA1. (**a**) Top: Representative western blot showing that global ischemia enhances phosphorylation of Beclin-1 at S14, evident at 6 h, with little or no change in Beclin-1 abundance. Bottom: Summary data. (**b**) Top: Representative western blot demonstrating that ischemia enhances LC3-II, as early as 3 h and as late as 24 h after insult. Bottom: Summary data. (**c**) Top: Representative western blot demonstrating that global ischemia decreases expression of the cargo adapter p62, as early as 3 h and as late as 24 h after insult. Bottom: Summary data; *n*=4--8 animals per treatment group/3 independent experiments. (**d**) Western blot analysis showing that mTOR protein translocates from the cytoplasmic fraction (cyto) to the lysosomal-associated membrane protein 2 (LAMP2)-enriched lysosomal fraction (lyso) isolated from lysates of CA1 at 24 h after global ischemia *in vivo*. \*\*\**P*\<0.001, \*\**P*\<0.01, and \**P*\<0.05](cdd2016140f2){#fig2}

![OGD, an *in vitro* model of global ischemia, decreases mTOR and increases markers of autophagy in hippocampal neurons. (**a**) Top: Representative western blot showing that OGD in cultured neurons decreases mTOR protein levels, evident at 3 h and as late as 24 h after insult. Bottom: Summary data. (**b**) OGD in cultured neurons decreases phosphorylation of ULK-1 at S757, a downstream target of mTOR. Bottom: Summary data. (**c**) Top: Representative western blot demonstrating that OGD enhances phosphorylation of Beclin-1 at S14, but has little or no effect on total Beclin-1 abundance. Bottom: Summary data. (**d**) Top: Representative western blot demonstrating that OGD enhances LC3-II abundance, as early as 3 h and as late as 24 h after insult. Bottom: Summary data. (**e**) Top: Representative western blot demonstrating that OGD reduces abundance of p62, evident at 3 h and as late as 24 h after insult. Bottom: Summary data; *n*=4--8 coverslips per treatment group/3 independent experiments. (**f**) Top: Representative western blot demonstrating that OGD enhances LC3-II abundance even greater in the presence of lysosomal inhibitors leupeptin and ammonium chloride. Bottom: Summary data; *n*=6 coverslips per treatment group/2 independent experiments. (**g**) Summary data illustrating the average abundance of LC3 in the presence of lysosomal inhibitors/average LC3 abundance in the presence of vehicle, a measure of autophagy flux in neurons. \*\*\**P*\<0.001, \*\**P*\<0.01, and \**P*\<0.05](cdd2016140f3){#fig3}

![The ischemia-induced decrease in mTOR is rescued by lysosomal (but not proteasomal) inhibitors. (**a**) *Top:* Representative western blot demonstrating that the lysosome inhibitors ammonium chloride (10 mM) and leupeptin (50 *μ*M for 3 h) prevent the ischemia-induced decrease in mTOR, assessed at 24 h following insult. Bottom: Summary data. (**b**) Top: Representative western demonstrating that the proteasome inhibitor lactacystin (2.5 *μ*M) enhances LC3-II abundance but does not prevent the ischemia-induced decrease in mTOR abundance at 24 h after insult. Bottom: Summary data. (**c**) Top: Representative western blot demonstrating that the mTOR kinase inhibitor rapamycin (50 nM) does not prevent the ischemia-induced decrease in mTOR abundance at 24 h after insult. Bottom: Summary data. (**d**) Top: Representative western showing that intracerebroventricular injection of the lysosomal protease inhibitor leupeptin (10 mM) 1 h before induction of global ischemia blocks lysosomal degradation, as assessed by an upregulation of p62 expression, and prevents the ischemia-induced decrease in mTOR protein abundance at 6 and 24 h following ischemic insult. Bottom: Summary data. (**e**) Top: Representative western blot showing that the autophagy inhibitor C43 attenuates OGD-induced degradation of mTOR, assessed at 24 h following insult. Bottom: Summary data. (**f**) Representative western blot showing that transfection of hippocampal neurons with siRNA targeting Atg7, but not NT siRNA, knocks down Atg7 protein to \~2% of control levels and attenuates OGD-induced degradation of mTOR at 24 h after insult (**g**). (**h**) Representative western blot showing that ischemia reduces Raptor abundance, but loss of Raptor is not blocked by C43. Bottom: Summary data; *n*=4--6 coverslips or animals per treatment group in three independent experiments. \*\*\**P*\<0.001, \*\**P*\<0.01, ^\#\#^*P*\<0.01, and \*^,\#^*P*\<0.05](cdd2016140f4){#fig4}

![Loss of mTOR, even in the absence of a neuronal insult, is causally related to autophagy in neurons. (**a**) Representative western blots demonstrating that the mTOR inhibitor rapamycin (50 nM) administered for 24 h in the absence of ischemia upregulates markers of autophagy, as evidenced by a decrease in pS757-ULK-1, an increase in pS14-Beclin-1 and LC3-II/I, and a decrease in the cargo adapter p62. (**b--e**) Summary of data in (**a**). (**f**) Representative western blot showing that transfection of hippocampal neurons with siRNA targeting mTOR, but not NT siRNA, knocks down mTOR protein to \~30% of control levels and upregulates markers of autophagy (**g--j**). Summary data; *n*=5--8 coverslips per treatment group in three independent experiments. \*\*\**P*\<0.001, \*\**P*\<0.01, and \**P*\<0.05](cdd2016140f5){#fig5}

![Pharmacological inhibition of mTORC1 or RNAi-mediated depletion of mTOR attenuates OGD-induced neuronal death. (**a**) Representative bright-field and fluorescent images of cultured hippocampal neurons DIV14 subjected to OGD or normoxia in the absence or presence of the mTORC1 inhibitor rapamycin for 24 h and stained with propidium iodide (PI) to mark dying cells. (**b**) Summary data of PI-stained neurons (OGD+vehicle: 347.6% increase from control; OGD+rapamycin: 263.1% increase from control); *n*=16--20 coverslips per treatment group/2 independent experiments. Bottom: (**c**) Summary data of lactate dehydrogenase (LDH) cytotoxicity assay, which measures release of LDH into the media, for hippocampal neurons subjected to OGD or normoxia in the presence or absence of rapamycin (OGD+vehicle: 179.1% increase from control; OGD+rapamycin: 158.2% increase from control); *n*=12 coverslips per treatment group in three independent experiments. (**d**) Representative bright-field and fluorescence images of cultured hippocampal neurons DIV14 subjected to OGD or normoxia in the absence or presence of mTOR or NT siRNA and stained with PI to mark dying cells. (**e**) Summary data of PI-stained neurons; *n*=16--20 coverslips per treatment group/2 independent experiments. (**f**) Summary data of LDH cytotoxicity assay in hippocampal neurons subjected to OGD or normoxia in the absence or presence of mTOR siRNA or NT siRNA. Data are normalized to control treatment; *n*=12 coverslips per treatment group in three independent experiments. Scale bar=50 *μ*m. \*\*\**P*\<0.001, ^\#\#^*P*\<0.01, and ^\#^*P*\<0.05.](cdd2016140f6){#fig6}

![Pharmacological inhibition of macroautophagy and RNAi-mediated depletion of Atg7 enhances OGD-induced neuronal death. (**a**) Representative bright-field and fluorescent images of cultured hippocampal neurons at DIV14 subjected to OGD or normoxia in the absence or presence of the autophagy inhibitor 3-MA or C43 for 24 h and stained with propidium iodide (PI) to mark dying cells. (**b**) Summary data of PI-stained neurons (OGD+vehicle: 324.3% increase from control; OGD+3-MA: 421.2% increase from control; OGD+C43: 660.3% increase from control); *n*=6--12 coverslips per treatment group/3 independent experiments. (**c**) Summary data of lactate dehydrogenase (LDH) cytotoxicity assay, which measures release of LDH into the media, for hippocampal neurons subjected to OGD or normoxia in the presence or absence of autophagy inhibitors. Left, OGD+vehicle: 207.6% increase from control; OGD+3-MA: 263.2% increase from control. Right, OGD+vehicle: 168.5% increase from control; OGD+C43: 205.8% increase from control); *n*=6--12 coverslips per treatment group/3 independent experiments. (**d**) Representative bright-field and fluorescence images of cultured hippocampal neurons at DIV14 subjected to OGD or normoxia in the absence or presence of siRNA to Atg7 or NT siRNA and stained with PI to mark dying cells. (**e**) Summary data of PI-stained neurons; *n*=6--12 coverslips per treatment group in three independent experiments. Scale bar=20 *μ*m. \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001, \*\**P*\<0.01, ^\#\#\#^*P*\<0.001, and ^\#^*P*\<0.05](cdd2016140f7){#fig7}

![Model depicting a hypothetical mechanism by which mTOR self-regulates its own abundance via the lysosome/autophagy pathway following global ischemia. Left: Under physiological conditions, mTOR imposes a brake on autophagy by phosphorylation and inactivation of ULK-1 at S757, retaining ULK-1 away from AMPK, thereby imposing a break on autophagy. Right: In response to ischemia, mTOR phosphorylation/inactivation of ULK-1 is decreased, whereas AMPK-dependent phosphorylation/activation of ULK-1 is increased. This, in turn, removes the brake on initiation of autophagy and promotes ULK-1-mediated phosphorylation of Beclin-1 at S14, which drives induction of autophagy. The increase in autophagy further degrades mTOR via the lysosome, providing a feedback mechanism by which mTOR self-regulates its own abundance in CA1 neurons destined to die](cdd2016140f8){#fig8}
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